Epidermal growth factor (EGF)-like factors [amphiregulin (AREG), betacellulin, and epiregulin] are induced by LH and activate the EGF receptor (ERBB1)/ERK1/2 pathway in granulosa cells and cumulus cells of preovulatory follicles to impact ovulation. However, the expression and roles of other ERBB family members and their ligands have not been explored in detail. Herein, we document that two transcripts of the neuregulin (Nrg1) gene are expressed in granulosa cells, and that the type III Nrg1 is induced during ovulation in an ERK1/2 and C/EBP␤-dependent manner. Western blotting shows that intact (75 kDa) and secreted (45 kDa) forms of neuregulin 1 (NRG1) are present in the ovary. NRG1 likely binds to ERBB3/ERBB2 complexes that are expressed in granulosa cells and cumulus cells. In cultured granulosa cells, NRG1 selectively stimulates the phosphorylation of AKT/PKB compared to ERK1/2. However, when granulosa cells were cultured with NRG1 and AREG, the phosphorylation of ERK1/2 was markedly enhanced as compared with that by AREG alone. Cotreatment with NRG1 and AREG also increased progesterone production. When cumulus-oocyte complexes (COCs) were cultured with both NRG1 and AREG, the matured oocytes exhibited significantly higher developmental competence as compared with that of oocytes cultured with AREG alone. Collectively, these results document that the expression of type III NRG1 is induced in granulosa cells during ovulation and that NRG1 enhances AREG-induced ERK1/2 phosphorylation in both granulosa cells and cumulus cells. The NRG1 pathway has two roles: one is to enhance AREG-induced progesterone production in granulosa cells, and the other is to regulate oocyte maturation by a cumulus cell-dependent mechanism. (Molecular
F SH acts on granulosa cells in follicles at the secondary and small antral stages to direct and ensure the development of preovulatory follicles where LH receptors (LHCGR) are expressed on granulosa cells and theca cells (1) . The surge of LH then acts to induce luteinization, cumulus cell-oocyte complex (COC) expansion, oocyte maturation, and follicle rupture (1, 2) . During this dramatic developmental progression, the follicular endo-crine environment is changed. FSH increases estradiol 17␤ (E2) production by induction of the Cyp19a1 gene (aromatase), whereas LH decreases Cyp19a1 expression but markedly induces genes (Cyp11a1, Star) regulating progesterone biosynthesis (1) . E2 enhances FSH-mediated granulosa cell proliferation and differentiation (Lhcgr induction), whereas progesterone is essential for ovulation (3) (4) (5) (6) (7) .
Recent genetic and molecular approaches have determined that FSH and LH activate multiple and specific intracellular signaling cascades (8 -10) . Our recent studies indicate that the ERK1/2 (also known as MAPK3/1) are essential mediators by which LH dictates the dramatic changes in follicular cell fate during ovulation and luteinization (11) . The PI3K/PKB(AKT)/(FOXO) pathway is related to the survival of granulosa cells not only in preovulatory follicles but also in luteinized granulosa cells (12) (13) (14) (15) . Small guanine nucleotide exchange factors of the rat sarcoma virus oncogene homolog (RAS) super family are activated during ovulation, and infection of granulosa cells with adenoviral vectors encoding a dominant active form of KRAS induces the phosphorylation of both AKT/PKB and ERK1/2 in cultured mouse granulosa cells (16, 17) . It has been well established that growth factors, such as epidermal growth factor (EGF), activate RAS family members via the receptor tyrosine kinase-adaptor protein-dependent mechanisms (18) .
The EGF receptor (EGFR, ERBB1) is one member of the EGF receptor super family that is expressed in granulosa cells, and based on specific receptor tyrosine kinase inhibitors, is known to impact oocyte maturation and granulosa cell differentiation in LH-stimulated preovulatory follicle cultures (19, 20) . Specifically, the EGF-like factors Amphiregulin (Areg), Betacellulin (Btc), and Epiregulin (Ereg) are transiently expressed after LH stimulation in granulosa cells and act by binding to ERBB1 expressed on both granulosa cells and cumulus cells (19, 21, 22) . Additionally, mutant mice null for Areg and homozygous for Egfrwa2 (Areg Ϫ/Ϫ Egfrwa2/wa2) exhibited significantly reduced phosphorylation of ERBB1 in cumulus cells, impaired COC expansion and oocyte meiotic arrest at the germinal vesicle (GV) stage (20) . In these mutant mice, the number of ovulated COCs were dramatically decreased (20) , suggesting that the EGF-like factor-ERBB1 pathway plays an essential role in ovulation. Moreover, Downs and Chen (23) showed that the meiotic resumption of oocytes was significantly suppressed when COCs were cultured with FSH in the presence of neutralizing antibodies to ERBB1. On the other hand, when preovulatory follicles were cultured with EREG alone, the expression of ERK1/2 target genes, such as Tnfaip6, was significantly lower in both granulosa cells and cumulus cells as compared with those in follicles cultured with LH (24) . Additionally, although the expression of the EGF-like factors was transiently increased after hCG stimulation in vivo, sustained activity of ERBB1 and ERK1/2 was required for the induction of cumulus expansion and oocyte meiotic resumption (25) . From these reports, we hypothesized that LH not only induces the expression of known EGF-like factors but also regulates other growth factor receptor system(s) for successful ovulation, COC expansion, and the resumption of meiosis.
To analyze this hypothesis, we have focused on additional members of the ERBB family (ERBB2, ERBB3, and ERBB4) because the receptors, except for ERBB1, have not been examined in detail in granulosa cells or cumulus cells. Our results show that each ERBB family member exhibits different temporal expression and phosphorylation patterns in granulosa cells with both ERBB2 and ERBB3 exhibiting increased phosphorylation. ERBB2 has no ligand binding site but forms a potent signaling complex when dimerized with another ERBB receptor (26) . ERBB3 has a ligand binding site but lacks receptor tyrosine (Tyr) kinase activity, and therefore must heterodimerize with another ERBB receptor, mainly ERBB2 to form an active receptor complex (27) (28) (29) . Furthermore, we identified ovarian neuregulin 1 (NRG1) types I and III that are potential ligands for the ERBB3 receptor, analyzed the promoter regions of the Nrg1 gene that are expressed in granulosa cells, and determined the interactions of NRG1 and amphiregulin (AREG) in regulating granulosa cell and cumulus cell functions in culture.
Results

Temporal changes in expression of ERBB family members in granulosa cells and cumulus cells
To analyze the expression of ERBB family members at the protein level, ovaries were recovered from 23-day-old immature (im) mice before and 48 h after treatment with equine gonadotropin (eCG) or eCG followed by human chorionic gonadotropin (hCG) for 48 h and processed for Western blotting. As shown in Fig. 1A , ERBB1, ERBB2 and ERBB3 were expressed constitutively in the ovary during follicular development and ovulation. However, the levels of ERBB4 significantly declined after hCG stimulation. ERBB1 is known to be expressed in both cumulus cells and granulosa cells and is activated by LH in preovulatory follicles (19) . Because there is less information about ERBB2 and ERBB3 in ovary, in this study we focused on the latter growth factor receptors. The immunoreactive bands for ERBB2 and ERBB3 were detected in both cumulus cells and granulosa cells, but not in oocytes ( Fig. 1B) . To examine when ERBB2 and ERBB3 were phosphorylated and formed complex, immunoprecipitation analyses were done using both ERBB3-and ERBB2specific antibodies. As shown in Fig. 1C , the tyrosine phosphorylated bands were detected at 2-16 h post-hCG stimulation in vivo. The complexes of ERBB2 and ERBB3 were also detected in these samples, but not when control IgG was used or immunoprecipitation. Thus, the ERBB2 and ERBB3 complexes were phosphorylated during ovu-lation process. On the other hand, the phospho-ERBB1 band was strongly detected at 2 h after hCG ( Fig. 2D ). We also immunoprecipitated the tyrosine phosphorylated proteins in ovary using anti-Phospho-Tyr antibody and then determined the levels of phosphorylated ERBB4. ERBB4 phosphorylation decreased progressively after eCG and hCG stimulation in a manner similar to that of total ERBB4 (Supplemental Figure S1, published on The Endocrine Society's Journals Online web site at http://mend.endojournals.org).
The ERBB3 ligand neuregulin1 (NRG1) is expressed in granulosa cells
It is known that ERBB2 lacks a ligand binding domain but has Tyr kinase activity, whereas ERBB3 has impaired kinase activity but binds specific ligands (26) . Growth factors of the neuregulin (Nrg) super family are known ligands for ERBB3 in neuronal cells and breast cancer cells (30, 31) . Therefore, we analyzed the expression of the Nrg1 gene and observed increased Nrg1 expression in granulosa cells after hCG treatment in vivo ( Fig. 2A ). Nrg1 mRNA levels significantly increased within 2 h and were maintained at 4 h but declined progressively thereafter. By contrast, Ngr1 expression did not increase in cumulus cells before or after hCG stimulation ( Fig.  2B ). Growth factors undergo proteolytic cleavage at the cell surface enabling their release and activation of their receptors. ADAM19 is an enzyme known to cleave NRG1 in brain (32) . In granulosa cells, Adam19 mRNA increased after hCG stimulation suggesting that it might be relevant to NRG1 processing ( Fig. 2C ). To analyze NRG1 processing, Western blots were done on extracts prepared from isolated granulosa cells and whole ovaries at selected times after hCG stimulation ( Fig. 2D ). The maximum levels of the ϳ75-kDa membrane-bound form of NRG1 were observed at 2 h after hCG stimulation but persisted until 16 h. The ϳ45-kDa secreted form of NRG1 was detected more strongly in The expression and activation of ERBB family members during follicular development and ovulation in eCG and hCG treated mice. A, Protein levels of ERBB family members in the mouse ovary were determined by Western blot analyses. The intensity of the bands was analyzed using a Gel-Pro Analyzer (Media Cybernetics). Values are mean Ϯ SEM of 3 replicates. *, Significant differences were observed by hormone treatment as compared with those in immature ovary (without any priming) (P Ͻ 0.05). im, immature mice; eCG, 48 h after eCG priming; hCG, eCG priming followed 48 h later with hCG. B, ERBB2 and ERBB3 expression was analyzed in the oocytes (O), cumulus cells (CC), or granulosa cells (GC) recovered from eCG-treated mice. C, The phosphorylation status and interactions of ERBB2 and ERBB3 were analyzed in ovaries of eCG-hCG treated mice, the protein samples were used for immunoprecipitation (IP) study by anti-ERBB2 IgG, anti-ERBB3 IgG, or normal rabbit IgG, and then the precipitants were used for Western blotting (WB). D, The phosphorylation status of ERBB1 was analyzed in the mouse ovary. Results in each panel are representative of three separate experiments.
whole ovary samples than in granulosa cell extracts but also persisted for 2-16 h.
Nrg1 is expressed in a promoter type specific manner in granulosa cells during follicular development and ovulation
Because the mouse Nrg1 gene has three known transcriptional start sites ( Fig. 3A; 33 ), we designed a reverse primer that recognized the common region and performed 5Ј rapid amplification of cDNA ends (RACE) analyses to determine which type of Nrg1 mRNA(s) were expressed in granulosa cells. As shown, two PCR products were generated by 5ЈRACE using mRNA extracted from granulosa cells ( Fig.  3B ). Sequence data obtained from the amplified products revealed that the types I and type III Nrg1 mRNAs were expressed strongly in granulosa cells 2-4 h after hCG. Using type I and III specific recognition primers, we detected the expression of each mRNA by real-time PCR. Whereas type I was not dramatically changed during follicular development and ovulation, type III mRNA was significantly increased more than 100-fold in granulosa cells after hCG as compared with levels in granulosa cells before hormone treatment ( Fig. 3C ).
The type III Nrg1 promoter is regulated in granulosa cells
The type III Nrg1 promoter region has three predicted CCAAT enhancer binding protein (C/EBP␣/␤) binding sites and one CRE site. To analyze the functional activity of these regions within the type III proximal promoter of the Nrg1 gene that confers responsiveness to Forskolinϩphorbol 12-myristate 13-acetate (PMA) (mimics LH stimulation for optimal induction of gene expressions in cultured granulosa cells; 22), granulosa cells from eCG-primed mice were transfected with different Nrg1 type III promoter-luciferase deletion constructs and treated with the agonists (Fig. 4A ). ForskolinϩPMA significantly induced the activity of the type III-luciferase construct containing three C/EBP sites and the CRE site (ϳ4-fold; P Ͻ 0.05), whereas limited activity was observed when the most distal C/EBP site was deleted, indicating that activation in granulosa cells may be dependent on C/EBP␣/␤. Because C/EBP␣/␤ are activated by ERK1/2 in granulosa cells during the ovulation process (11) , the effect of the ERK1/2 pathway inhibitor, U0126, on the promoter activity was examined. Strikingly, U0126 significantly suppressed the promoter activity in a dose-dependent manner (Fig. 4B ). Additionally, the expression level of type III Nrg1 mRNA in granulosa cells isolated from granulosa cell-specific Erk1/2 double knockout mice and the Cebpb knockout mice was reduced 95% and 50%, respectively, compared with that in WT mice after hCG ( Fig. 4C ).
NRG1 activates PKB/AKT and coordinately enhances AREG activation of ERK1/2 in cultured granulosa cells
To determine the cellular signaling pathways activated by NRG1 compared with AREG, the dose-dependent effects of NRG1 and AREG alone or in combination on the phosphorylation status of ERK1/2 and PKB/AKT were analyzed. When granulosa cells were cultured with 1 to 100 ng/ml of NRG1 alone for 5 min, the phosphorylation of PKB/AKT was increased significantly in a dose-dependent manner as compared with that in control ( Fig. 5 , A and B). However, these same doses of NRG1 did not significantly induce the phosphorylation of ERK1/2 (Fig.  5, A and B ). When the temporal effects of NRG1-induced PKB/AKT phosphorylation were analyzed, NRG1 (10 ng/ ml) maintained PKB/AKT phosphorylation up to 15 min, whereas ERK1/2 phosphorylation was not significantly induced even at 60 min ( Fig. 5 , C and D). By contrast, AREG alone (10 or 100 ng/ml) rapidly and significantly induced the phosphorylation of ERK1/2 within 5 min (Fig. 5, A and B) . However, AREG-induced phosphorylation of PKB/AKT was only detected at the 100 ng/ml dose (Fig. 5, A and B) . Although the PKB/AKT phosphorylation was not changed by costimulation with NRG1 and AREG, the combinatorial treatment dramatically enhanced ERK1/2 phosphorylation as compared with that by AREG alone at 15 min (P Ͻ 0.05), and the induction was maintained up to 60 min ( Fig. 5 , C and D).
The functional roles of NRG1 in AREG/LH-induced granulosa cell luteinization
Because progesterone production is a measure of granulosa cell luteinization, conditioned media samples were collected from eCG-primed granulosa cells cultured with AREG and/or NRG1 for 8 h and then the progesterone levels were analyzed. As shown, progesterone levels in cultured eCG-primed granulosa cells were significantly increased by AREG alone but not by NRG1 ( Fig. 6A ). Addition of NRG1 to the AREG-containing medium enhanced the progesterone production (P Ͻ 0.05) compared with that by AREG alone (Fig. 6A ). Because the expression of the Star and Cyp11a1 genes are critical for regulating progesterone biosynthesis (34) , and Sfrp4 expression is a marker of granulosa cell luteinization (35) , the expression levels of these mRNAs were analyzed at 4-hr culture. The results show that Star, Cyp11a1, and Sfrp4 expression, like progesterone production, was increased by AREG but not by NRG1 and that addition of NRG1 to AREG containing medium significantly increased the mRNA levels of Star and Sfrp4 (Fig. 6A ).
To determine the relationship between LH-induced luteinization and the EGF-like factors, mouse granulosa cells were cultured with LH and the broad metalloprotease inhibitor galardin (10 M; 36) to suppress the release of the EGF domain from EGF-like factors. LH-induced progesterone production and the expression of genes regulating relevant steroidogenic enzymes were significantly suppressed by the treatment with galardin ( Fig.  6B ). The addition of AREG alone but not NRG1 alone overcame the inhibitory effects of galardin, whereas NRG1 enhanced the effect of AREG. Thus, we conclude that both AREG and NRG1 play an important role in LH-induced luteinization of granulosa cells (Fig. 6B ).
The effects of NRG1 on cumulus expansion, oocyte maturation of in vitro cultured COCs, and early embryo development
In cultured COCs, either 10 ng/ml of NRG1 or 100ng/ml of AREG induced PKB/AKT phosphorylation, whereas ERK1/2 phosphorylation was only induced by AREG (Fig. 7A ). Cotreatment with AREG and NRG1 significantly enhanced ERK1/2 phosphorylation in a manner similar to that observed in granulosa cells (Fig.  7A) . The expression of genes (Has2, Ptgs2, Tnfaip6) involved in cumulus expansion was significantly increased by AREG alone but not by NRG1 alone at 4-hr culture (Fig. 7B ). However, costimulation of COCs with both growth factors enhanced expression of Tnfaip6 mRNA as compared with that in cumulus cells of COCs cultured with AREG alone (Fig. 7B) .
When COCs were isolated and selected under 4 mM of hypoxanthine and then moved to 1 mM hypoxanthinecontaining medium, oocytes resumed meiosis and pro-gressed to the meiotic metaphase II stage spontaneously. Specifically, at 4 h of culture, the number of oocytes exhibiting germinal vesicle breakdown (GVBD) was more than 80% in control. This rate was not significantly different when COCs were cultured with AREG alone (Fig. 8D) . However, the addition of NRG1 significantly suppressed spontaneous meiotic resumption of oocytes (Fig. 7D ). Suppression of GVBD was also observed in oocytes of COCs cultured with AREG and NRG1 (Fig. 7D ). After 16 h of culture, the number of oocytes that had entered the MII stage of meiosis was slightly but significantly lower in NRG1treated group as compared with that in control, whereas oocytes in COCs cultured with AREGϩNRG1 were in MII ( Fig. 7D ), suggesting that NRG1 did not suppress but delayed the progression of oocytes to the MII stage. When spontaneous meiotic resumption was suppressed by 4 mM of hypoxanthine, AREG significantly increased GVBD at 6 h and progression to the MII stage at 16 h (Supplemental Figure S2 ). The addition of NRG1 to AREG-containing medium suppressed GVBD at 6 h but did not prevent oocyte progression to the MII stage at 16 h (Supplemental Figure S2 ), suggesting that AREG accelerated meiotic progression but NRG1 delayed GVBD and MII progression during in vitro culture of COCs.
When COCs were matured under 1 mM of hypoxanthine and analyzed for competence in in vitro fertilization assays (without stripping cumulus cells), the rate of pronuclear formation was lower in control and NRG1 groups as compared with that in AREG alone or AREG and NRG1 treatment groups (Fig. 7D) . However, the percent of oocytes undergoing cleavage was significantly higher in AREGϩNRG1 group as compared with those in AREG alone (Fig. 7D ).
Discussion
For successful ovulation and fertility, COC expansion and oocyte maturation must occur in a timely manner.
FIG. 4.
The type III Nrg1 promoter is activated and the type III Nrg1 mRNA is expressed in mouse granulosa cells via ERK1/2-C/EBP pathway. A, The type III Nrg1 promoter is activated in mouse granulosa cells. Mouse granulosa cells were transiently transfected with type III Nrg1 promoter-luciferase constructs and stimulated with or without forskolinϩPMA (ForϩPMA) for 4 h. *, ForϩPMA treatment significantly increased promoter activities as compared with that nontreated granulosa cells (P Ͻ 0.05). The deletion of C/EBP significantly decreased the promoter activity when the granulosa cells were cultured with ForϩPMA (P Ͻ 0.05). Firefly luciferase activities were normalized by Renilla luciferase activities. Values are mean Ϯ SEM of three replicates. B, Activation of the type III Nrg1 promoter by ERK1/2. Mouse granulosa cells were transiently transfected with type III Nrg1 promoter-luciferase constructs (C/EBP 3 type) and then treated with 10 or 20 M of U0126 (U01) in the presence of ForϩPMA. Values are mean Ϯ SEM of three replicates. C, The expression of Nrg1 mRNA in mouse granulosa cells recovered from wild-type mice (WT), granulosa cell-specific Erk1/2 knockout mice (Erk1/2KO), or Cebpb knockout mice (CebpbKO), WT eCG; granulosa cells were recovered from eCGprimed wild-type mice ovary. *, Significant differences were observed at 4 h after hCG injection as compared with that in granulosa cells recovered from WT mice (P Ͻ 0.05). Values are mean Ϯ SEM of three replicates.
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Because cumulus cells express low levels of the LH receptor, factors secreted from granulosa cells are required to mediate LH action to cumulus cells (37). Park et al. (19) showed that the EGF like factors, AREG, BTC, and EREG are induced in granulosa cells by LH and act on cumulus cells to induce cumulus expansion and oocyte maturation. Specifically, these EGF-like factors bind to ERBB1 in granulosa cells and cumulus cells, leading to ERBB1 phosphorylation in vivo and in vitro and to the subsequent activation of downstream signaling cascades including activation of RAS and ERK1/2 that are critical for COC expansion, oocyte maturation, ovulation, and luteinization (11, 17) . In this study, we show other ERBB family members, ERBB2 and ERBB3, form complexes that are phosphorylated by hCG stimulation in vivo, suggesting that specific endogenous ligands are induced to activate ERBB2 and/or ERBB3 during ovulation. Because ERBB2 lacks a ligand binding domain but has Tyr kinase activity, whereas ERBB3 has impaired kinase activity but binds specific ligands (26), we focused on identifying ERBB3 ligands that are expressed in granulosa cells of ovulating follicles. Of the known members of the ERBB3 ligand family that have been reported in mammary gland and neuronal cells (26), we detected strong induction of Nrg1 mRNA in granulosa cells but not in cumulus cells within 2-4 h after hCG injection. The murine Nrg1 gene has three promoter and transcriptional start sites (33), and type I and type III are expressed in granulosa cells during ovulation. Expression of type III Nrg1 was dramatically increased in granulosa cells by hCG, whereas that of type I was not changed. Type III NRG1 has a trans-membrane domain and an EGF-like domain between the trans-membrane domain and a cysteine-rich domain (38) . The cysteine rich domain also functions as a trans-membrane domain (39, 40) , indicating that the type III NRGI protein is a loop-like structure with the EGF domain located on the outside of cells. Western blot analyses showed that at least two immunoreactive bands (about 75 kDa and 45 kDa) were detected in whole ovarian extracts after hCG stimulation. However, the small-molecular-weight band was less intense in granulosa cells. Because the full-length type III NRG1 is more than 110 kDa (41, 42) , the present results suggest that the 75-kDa band is a membrane bound form that has already been cleaved by ADAM19 to a straight structure that has one trans-membrane site (32) and that subsequent cleavage by an unknown enzyme releases the ϳ45-kDa secreted form of NRG1. This form is presumed to include the EGF domain released by an enzyme that recognizes the N-terminal region of type III NRG1, because in this study we used an antibody that recognizes the extracellular Nterminal domain of NRG1. Wang et al. (43) reported that the candidate site for the second cleavage reaction is between Gly 117 and Leu 118 . Gly-Leu-Gly amino acid sequence within C-terminal region of type III NRG1 is predicted to be recognized by ADAMTS4, MMP2 and MMP12 (MEROPS the Peptidase Database, http://merops.sanger.ac.uk). In granulosa cells, ADAMTS4 and MMP2 are transiently increased after hCG stimulation (44, 45) , whereas expression of MMP12 is undetectable during the ovulation process (44) . Although further analyses are required to determine what controls the formation of secreted type III NRG1 during the ovulation process, ADAMTS4 and MMP2 are likely candidates for this processing. Because type III NRG1 is only expressed in granulosa cells but its receptor is expressed in both granulosa cells and cumulus cells, it is likely that NRG1 participates not only in an autocrine manner but also in a paracrine manner during ovulation.
The type III Nrg1 promoter region has three putative C/EBP binding sites and a CRE site (Fig. 3) . Based on the transfection of specific promoter-reporter constructs in granulosa cells, the most distal C/EBP binding site appears to play a critical role in the increase of promoter activity after ForskolinϩPMA FIG. 6. The functional roles of NRG1 in AREG/LH-induced granulosa cell luteinization. A, Progesterone production and the expression of genes involved in luteinization (Cyp11a1, Sfrp4, Star) in granulosa cells cultured with 100 ng/ml of AREG, 10 ng/ml of NRG1, or AREGϩNRG1 for 4 h (RNA sample) or 8 h (progesterone assay). For reference, the control (C) value was set as 1, and the data are presented as fold increase. Values are mean Ϯ SEM of three replicates. *, Significant differences were observed as compared with that in control (without any agonist) (P Ͻ 0.05). B, The relationship between LH-induced luteinization and the EGF-like factors, granulosa cells were cultured with LH and the broad metalloprotease inhibitor galardin (10 M) to suppress the release of the EGF domain from EGF like factors. Additional effects of AREG (100 ng/ml), NRG1 (10 ng/ml), or both on progesterone production and the expression of genes involved in luteinization (Cyp11a1, Sfrp4, Star) in granulosa cells were analyzed. For reference, the control (C) value was set as 1, and the data are presented as fold increase. Values are mean Ϯ SEM of three replicates. *, Significant differences were observed between the treatment groups (P Ͻ 0.05).
Mol Endocrinol, January 2011, 25(1):104 -116 mend.endojournals.org (hCG) stimulation. Because we have shown recently that the ERK1/2-C/EBP␤ pathway is essential for inducing cell fate decisions in granulosa cells and cumulus cells of preovulatory follicles (11), it is clear that Nrg1 expression is also dependent on this pathway. Specifically, when granulosa cells or COCs were cocultured with NRG1 and AREG, the phosphorylation of ERK1/2 was enhanced whereas NRG alone did not induce ERK1/2 phosphorylation. Furthermore, NRG1 and AREG acted synergistically to enhance the production of progesterone by granulosa cells, the expression of selected genes in cumulus cells, and the developmental competence of oocytes in cultured COCs. Therefore, NRG1 appears to enhance AREG activation of ERK1/2 phosphorylation during ovulation. The extended activation of ERK1/2 phosphorylation by these two growth factor pathways appears to be required to induce the differentiation of both granulosa cells and cumulus cells and oocyte maturation with a high developmental competence. When NRG1 was included in the in vitro maturation medium of (COCs), spontaneous meiotic resumption of oocytes and their progression to the MII stage was delayed. Moreover, the induction of meiosis initiated by AREG was delayed by NRG1 in the presence of 4 mM of hypoxanthine. AREG induces oocyte meiosis primarily by activating ERK1/2 in cumulus cells (46) . Activated phospho-ERK1/2 phosphorylates gap junction proteins, leading to gap junction closure, thereby blocking the transfer of small molecules, including cyclic GMP (cGMP) that inhibits phosphodiesterase type III (PDEIII) in the oocyte (47) (48) (49) . Active PDEIII degrades cAMP allowing meiosis to resume (50) . Although NRG1 can enhance and extend AREG-mediated phosphorylation of ERK1/2, NRG1 also activates the PI3-kinase-PKB/AKT pathway and by this pathway may mediate the delay in the resumption of meiosis and progression to the MII stage in oocytes, confirming studies in porcine oocytes (51) . However, the molecular mechanisms by which NRG1 delays GVBD in oocytes remain unclear. We are currently trying to identify the genes selectively expressed in cumulus cells by NRG1 using microarray analysis.
The NRG1-mediated extension of the time during which oocytes progress to the MII resulted in oocytes that acquired a high degree of developmental competence, suggesting that critical biochemical changes in the oocyte must follow a precise temporal pattern. For example, during the meiotic maturation of oocytes, cytoplasmic maturation occurs during which protein synthesis and the localization of cytoplasmic organelles, such as cortical granules, mitochondria change dramatically (52, 53) , and these changes may regulate developmental competence. Specific inhibition of meiotic resumption by dibutyryl cAMP, a CDK1 inhibitor, or IBMX also enhances the cytoplasmic maturation of bovine and porcine oocytes once the inhibitors are removed from the COC cultures (54 -56). Moreover, oocytes matured without gonadotro- Values are mean Ϯ SEM of three replicates. *, Significant differences were observed by the addition of NRG1, AREG, or NRG1ϩAREG as compared with those in control (without any ligand) (P Ͻ 0.05). The additional NRG1 to AREGcontaining medium significantly increased the phosphorylation level of ERK1/2 (P Ͻ 0.05). B, The expression of genes involved in cumulus expansion in cumulus cells of COCs, For reference, the control value was set as 1, and the data are presented as fold increase. Values are mean Ϯ SEM of three replicates. *, Significant differences were observed as compared with that in control (without any agonist) (P Ͻ 0.05). **, The addition of NRG1 to AREG-containing medium significantly increased the expression of Tnfaip6 in cumulus cells of COCs as compared with that in COCs cultured with AREG alone (P Ͻ 0.05). C, The morphology of COCs cultured with 100 ng/ml of AREG, 10 ng/ml of NRG1, or AREGϩNRG1 for 16 h. D, Oocyte nuclear and cytoplasmic maturation when COCs were cultured with 100 ng/ml of AREG, 10 ng/ml of NRG1, or AREGϩNRG1. GVBD (4 h), the rate of oocytes exhibiting germinal vesicle breakdown (GVBD) at 4-hr culture, MII, the rate of oocytes reached to the metaphase II stage at 16-hr culture, fertilization, the rate of oocytes in which pronuclear formation was observed, cleavage, the rate of cleaved embryo that has at least two blastomeres. *, The percentage data were subjected to arcsine transformation before analysis. Significant differences were observed as compared with that in control (without any agonist) (P Ͻ 0.05).
pins exhibit low developmental competence after in vitro fertilization (57) . Thus, we propose that LH induction of AREG and NRG1 leads to a balance that is important for the in vitro maturation of oocytes with high developmental competence. AREG acts an the accelerator, and NRG1 acts as a brake regulating temporal changes in the oocyte required for proper meiotic resumption and competence.
Our previous study reported that the PI3-kinase-PKB/ AKT pathway is involved in the survival of cumulus cells during in vitro maturation of oocytes in porcine COCs (51) . Because NRG1 has been implicated in cell survival in other tissues (58) , we determined whether it might serve a survival function in granulosa cells. Indeed, when the immature granulosa cells were cultured with NRG1, the rate of apoptotic positive cells detected by TUNEL method was significantly lower than that in control cells (Supplemental Figure S3 ). Thus, it is possible that the expression of NRG1 may be involved in granulosa cell survival as well as oocyte meiotic arrest by stimulating the PI3-kinase-PKB/AKT pathway.
In conclusion, the present study shows that NRG1 is expressed in granulosa cells and may act as a ligand for ERBB3 present in both granulosa cells and cumulus cells but not in the oocyte. The dramatic increase in the expression of NRG1 that is associated with LH induction of ovulation and that is dependent on the ERK1/2-C/EBP pathway appears to be part of a mechanism to enhance luteinization of granulosa cells and regulate proper oocyte maturation and developmental competence. Thus, NRG1 type III is a novel factor that is expressed in ovarian granulosa cells after the LH surge and may impact luteinization and oocyte maturation.
Materials and Methods
Materials
Equine and human chorionic gonadotropins (eCG and hCG) were purchased from Asuka Seiyaku (Tokyo, Japan). Forskolin and PMA were purchased from Calbiochem (San Diago, CA); DMEM:F12 medium, penicillin-streptomycin from Invitrogen (Carlsbad, CA); fetal bovine serum (FBS) from Life Technologies Inc. (Grand Island, NY); oligonucleotide poly-(dT) from Invitrogen, and AMV reverse transcriptase, Taq polymerase from Promega (Madison, WI, USA). Routine chemicals and reagents were obtained from Nakarai Chemical Co (Osaka, Japan), or Sigma Chemical Co. (Sigma; St. Louis, MO).
Animals
Immature female C57BL/6 mice were obtained from Clea Japan (Tokyo, Japan). On d 23 of age, female mice were injected ip with 4 IU of eCG to stimulate follicular growth followed 48 h later with 5 IU hCG to stimulate ovulation and luteinization. Granulosa cell-specific Erk1/2 knockout mice (11) and granulosa cell specific Cebpb knockout mice (11) 
Granulosa cell culture
Granulosa cells were harvested by needle puncture from immature mice at d 23-25 of age or after the treatment with eCG for 48 h as described previously (22) . Briefly, 1ϫ10 6 cells were cultured in 12-well culture plates in 1% (vol/vol) serum-containing medium (DMEM:F12 containing penicillin and streptomycin). After 8 h culture, cells were washed then cultured in fresh serum-free medium containing recombinant mouse amphiregulin (AREG, R&D systems, Minneapolis, MN) or recombinant mouse neuregulin 1 (NRG1, R&D systems) or both and harvested for protein and RNA analysis.
COC isolation and culture
Ovaries of immature mice primed with eCG for 48 h contain multiple preovulatory follicles. COCs were isolated from these follicles by needle puncture and collected by pipette. Nonexpanded COCs were selected and 50 COCs were cultured in separate wells of a 96-well Falcon plate (Becton Dickinson, Franklin Lakes, NJ) in 150 l of defined medium (22) containing 1% FBS with AREG, NRG1, or AREGϩNRG1. After 4 h, total RNA or protein was extracted from the COCs (see below). The COCs cultured for 16 h were used for in vitro fertilization analyses.
In Vitro Fertilization
In vitro fertilization was analyzed as described previously (59) . COCs that were matured in vitro as described above for 16 h and placed in 150 l of human tubal fluid (HTF) medium. Spermatozoa were collected from the cauda epididymis of 4 month old ICR mice into 500 l of HTF medium. After 60 min, the spermatozoa were introduced into the fertilization medium at a final concentration of 1000 spermatozoa/l. Twelve hr after insemination, the oocytes were washed thoroughly five times, and then examined for formation of pronuclei under a phasecontrast microscopy. The gametes were further cultured for an additional day in the developing medium (KSOMϩAA, Millipore, Billerica, MA) to check the cleavage rate.
Real-time RT-PCR analyses
Total RNA was obtained from COCs or granulosa cells using the RNAeasy Mini Kit (Qiagen Sciences, Germantown, MD) according to the manufacturer's instructions and quantitative real-time PCR analyses were performed as previously (60) . Briefly, total RNA was reverse transcribed using 500 ng poly-dT (Invitrogen) and 0.25 U avian myeloblastosis virus-reverse transcriptase (Promega) at 42 C for 75 min and 95 C for 5 min. cDNA and primers were added to 15 l total reaction volume of the Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). PCR reactions were then performed using the iCycler thermocycler (Bio-Rad, Hercules, CA). Conditions were set to the following parameters: 10 min at 95 C followed by 45 cycles each of 15 sec at 95 C and 1 min at 62 or 64 C. Specific primers pairs were selected and analyzed as indicated in Supplemental Table S1 .
Western blot analyses
Protein samples from granulosa cells or cumulus cells were prepared by homogenization in whole-cell extract buffer and then diluted by same volume of 2ϫ SDS sample buffer. Some extracts were used for immunoprecipitation using the Immunoprecipitation kit (Roche Diagnostics GmbH, Mannheim, Germany) and 1:100 dilution of anti ErbB2 antibody (Santa Cruz Biotechnology, Santa, Cruz, CA), 1:100 of anti ErbB3 antibody (Santa Cruz Biotechnology), 1:200 of anti-phosphor-Tyr antibody (BD Biosciences, San Jose, CA) or normal rabbit IgG (Sigma). Extracts (10 g protein) or precipitates were resolved by SDS polyacrylamide gel (7.5, 10 or 12%) electrophoresis and transferred to PVDF membranes (GE Healthcare, Piscataway, NJ). Membranes were blocked in Tris-buffered saline and Tween 20 [TBST; 10 mM Tris (pH 7.5), 150 mM NaCl and 0.05% Tween 20] containing 5% nonfat Carnation instant milk (Nestle Co., Solon, OH). Blots were incubated with primary antibody ( After washing in TBST, enhanced chemiluminescence (ECL) detection was performed by using the ECL system according the manufacture's specifications (GE Healthcare) and appropriate exposure of the blots to Fuji X-ray film (Fujifilm, Tokyo, Japan). The intensity of the bands was analyzed using a Gel-Pro Analyzer (Media Cybernetics, MD).
Transient transfection and luciferase reporter assay
Granulosa cells from eCG-primed mice were cultured as described previously (60, 61) . Transfections of specific promoterreporter constructs were done 3 h after plating cells using Fugene 6 (Roche Molecular Biochemicals, Indianapolis, IN) according to the manufacturer's instructions. Cells were transfected with 0.5 g of the indicated Nrg1 Type III promoterreporter constructs (shown in Fig. 4 ) and 10 ng of pRL Renilla luciferase control vector (Promega). After overnight culture, cells were washed in serum-free medium then placed in the same media containing agonists and/or antagonists as indicated. After 4 h of agonist treatment, the luciferase activity was measured using Dual-Glo Luciferase Assay System (Promega). Firefly luciferase activities were normalized by Renilla luciferase activities. Each experiment was performed in triplicate at least three times.
5RACE analysis
To determine the transcriptional start site of each Nrg1 subtype, 5Ј rapid amplification of cDNA ends (RACE) was done using the 5ЈRACE System (Invitrogen) according to the manufacturer's instructions. One microgram of total RNA recovered from granulosa cells of ovaries 4 h after hCG stimulation was used for the synthesis of first-strand cDNA using the Nrg1 spe-cific primer shown in Fig. 3A . The homopolymeric tail was added to the 3Ј-end of the cDNA, and then PCR amplification was done using the nested Nrg1-specific primer that annealed to a site located within the cDNA molecule. After amplification, the products were cloned into TOPO vector (Invitrogen) and used for sequencing analysis. The primers are shown in Supplemental Table S1 .
Progesterone assay
Progesterone in the cultured medium was measured by specific AIA 1800 system (TOSOH) as described previously (62) .
Statistics
Statistical analyses of all data from three or four replicates for comparison were carried out by one-way ANOVA followed by Duncan's multiple-range test (Statview; Abacus Concepts, Inc., Berkeley, CA).
